ABSTRACT: A dynamic mathematical model of the digestion of proteins in the small intestine of pigs was developed. The model integrates current knowledge on the transit of digesta along the small intestine, endogenous secretions, digestion of proteins, and absorption of amino acids into a mechanistic representation of digestion. The main characteristics of the model are the following: the small intestine is divided into several segments of variable length but with equal digesta retention time; the rate of transfer of digesta between segments is based on the progression of myoelectric migration complexes; pancreatic and biliary secretions are poured into the first segment, whereas intestinal secretions enter all intestinal segments; protein hydrolysis is described by first-order equations; and an intes-
Introduction
Protein digestibility is affected by a number of factors that are related to the feed (e.g., nature and amount of cell walls), the animal (e.g., age of the pig), or management (e.g., feeding level). Because of the complexity of all biological processes involved, mathematical modeling has been identified as a tool to integrate current knowledge on digestive physiology and to estimate the effects of various factors on the digestion of protein.
Several models have been developed representing aspects of protein digestion in pigs. In the model of Turner et al. (1987) , digestion and absorption were integrated and represented using a mass action law. Received October 30, 1998 . Accepted August 14, 1999 328 tinal absorption capacity is used to estimate absorption of hydrolyzed protein. Simulation results are consistent with observed data, although more information is needed to represent reality more closely. The sensitivity analysis shows that parameters for protein hydrolysis largely determine protein digestibility. The absorption capacity of the small intestine limits the absorption of amino acids at the beginning of a meal and modulates the appearance of amino nitrogen in the portal vein. It also shows that amino acid absorption can be limiting to protein digestibility when large amounts of protein are eaten in a single daily meal. The model is useful in evaluating the dynamics of protein digestion and absorption of feedstuffs. The model can be used in evaluating protein digestion of different feedstuffs and feeding strategies.
No endogenous secretions were taken into account, and the small intestine was represented as a single compartment. Usry (1989) described a passage rate model in which the small intestine was divided into 6-cm sections, and transit was modeled by transferring the digesta from one section to the next one stochastically. A model of digestion and absorption was recently developed by Bastianelli et al. (1996) . It represented the small intestine as two compartments with nutrient flow described by mass action law. This representation was adequate to simulate average retention time of the digesta in each section of the digestive tract. However, these models portray the transit of digesta simplistically, or they represent only a limited number of biological processes involved in protein digestion. Our objective was to develop a mechanistic, dynamic mathematical model integrating the physiological processes involved in protein digestion and absorption in the small intestine of mature pigs. Special consideration was given to describing the transit of the intestinal content and the differential digestion of endogenous and dietary protein. This allows the study of the kinetics of digestion and absorption of protein along the small intestine. The model was used to iden-tify the most important factors influencing protein digestion.
Materials and Methods
The model simulates the digestion of dietary protein in the small intestine of healthy 50-kg BW pigs. Only the stomach and the small intestine are represented in the model. Thus, after the meal, dietary protein enters the stomach and progressively flows to the small intestine. The small intestine is composed of 50 segments. The digesta flow from duodenum to ileum segments according to the progression of migrating myoelectrical complexes. Endogenous protein from the secretion of enzymes by the stomach and pancreas, from the secretion of amino acids conjugated with the biliary salts, from the secreted mucus, and from the desquamated cells of the gastrointestinal wall is represented in the model. Dietary and endogenous protein hydrolysis is the result of the action of the secreted enzymes along the intestinal tract. Finally, α-amino nitrogen resulting from the hydrolysis of dietary and endogenous protein is absorbed in the form of amino acids and small peptides according to the absorption capacity of the wall of each intestinal segment. Despite the fact that other nutrients can interfere with the protein digestion, only protein was considered in the model. Thus, as with any model, the current work is a simplification of reality, but it is also a framework that allows for the inclusion of additional aspects influencing protein digestion (Figure 1 ).
Mathematical Representation of the Model
Data from scientific literature were the primary source of the information used to estimate model parameters. Reasonable values were assumed when the necessary data were unavailable. Mathematical equations were chosen to minimize the number of parameters while simulating the modeled biological phenom- Figure 1 . Scheme of the model. ena with acceptable accuracy. Definitions of the variables used in the equations are given in Table 1 .
Protein Intake
In the model, pigs can have free access to feed or be restricted to one to four meals per day. Pigs given ad libitum access to feed are assumed to eat continuously at a rate established according to the estimated total daily ingestion of protein. In restricted-fed pigs, feed intake is controlled by input parameters that define the total amount of protein that is ingested (feed intake × protein concentration in the meal), the number of meals per day, and the interval between meals. Restricted-fed pigs are assumed to eat at a constant rate during 15 min per meal, independently of the number of meals. In fact, Laplace (1978) and Braude et al. (1976) noted that restricted-fed pigs tend to eat liquid meals in less than 15 min. The rate of protein ingestion is then calculated based on the total protein intake and the duration of all the meals.
Gastric Emptying
The feed is directed toward the stomach after ingestion. Feed ingestion is generally high and discontinuous while the stomach releases its content gradually into the small intestine.
Based on previous models (Usry, 1989; Bastianelli et al., 1994 Bastianelli et al., , 1996 , stomach emptying rate of protein (SEr; g/min) is represented as follows:
where k er represents the kinetic parameter (min −1 ) and Tprotst is the total protein content of the stomach (g). The parameter k er is calculated from half the evacuation time (HET; min) of the stomach content (k er = ln(.5)/(−HET)). Many factors are implicated in the physiological regulation of gastric emptying, such as particle size, viscosity, and osmolarity (Low, 1990) , and, therefore, HET may require further calibration when the model is used for specific purposes. However, when pigs are fed with standard mixed diets, we assume that most of these factors can be ignored, and an average HET of 180 min and k er of 3.85 × 10 −3 ؒ min −1 can be used (Bastianelli et al., 1994) .
Transit in the Small Intestine
The longitudinal and circular muscle layers of the small intestine are activated by groups of spike potentials (Laplace and Roman, 1979) . That spiking activity of the small intestine is responsible for the flow of digesta from the pyloric sphincter to the end of the ileum (Laplace and Roman, 1979) . However, spiking activities move along the small intestine according to spatio-temporal organizations called migrating myoelectric complexes (MMC). Each MMC is formed by Undegraded endogenous protein present in segment i g three phases: irregular spiking activity, regular spiking activity, and quiescence. The regular spiking phase sweeps all digesta ahead of it . The progression of the MMC causes the propulsion of digesta into batches, each batch being associated with an MMC Rayner and Wenham, 1986) . Usually, two or three batches of digesta are present in the small intestine at the same time . The ileocecal valve regulates the passage of the digesta from the small to the large intestine. Generally, the digesta are retained at the end of the ileum for 60 to 90 min (Darcy-Vrillon et al., 1980) . It has been suggested that this delay generated by the valve could be linked to the disappearance of some MMC during their migration from the proximal to the distal small intestine (Laplace, 1981) . In pigs fed cereal-based diets, MMC migration times of 120 (Laplace, 1978) and 190 min ) have been reported. However, an additional 60 min should be added for pigs fed with semisynthetic diets (Laplace, 1978) . Nevertheless, the mean transit time of digesta in the small intestine is higher than all these values because some MMC fade out during their migration and the digesta may be stopped before the ileocecal valve.
In the model, the length of the small intestine is assumed to be 18 m, according to reports of Buraczewska (1979 Buraczewska ( , 1981a and Pommier et al. (1993) from pigs of 50 to 75 kg body weight. To simulate the transit of digesta through the small intestine, the model divides this organ into 50 segments of different lengths. At fixed time intervals (DTEI), the model empties the content of the last segment into the hindgut and then it transfers the content of the penultimate segment into the last one, and so on, until the first segment. Finally, the first segment receives the digesta from the stomach. The number of segments and the fixed time interval are not related to any physiological process but have been chosen to simulate a nearly continuous flux of the digesta along the small intestine.
The digesta transit speed at the beginning of the segment i (SPEED(i), mؒmin
) is estimated in the model as follows:
where S(i) is the distance in meters between segment i and the pylorus. This equation allows one to simulate a transit rate of digesta similar to those of MMC reported by Laplace (1978) for pigs weighing over 60 kg. Also, the decrease of the MMC speed from the duodenum to the ileum is simulated according to data of Laplace (1978) and Rayner and Wenham (1986) . Total transit time of the digesta obtained with this equation is 250 min. This is greater than the 180 min expected for MMC migration in pigs fed semisynthetic diets (Laplace, 1978) . This seems to be acceptable if we consider that the digesta are retained in the last part of the small intestine for 60 to 90 min (DarcyVrillon et al., 1980) . For simplicity, the length of each intestinal segments allows the digesta to migrate throughout the overall segment in the DTEI time interval. Thus, the length of each segment represents the distance that an average MMC would have covered during DTEI at each segment site. This representation allows emptying all the segments at each DTEI. The default DTEI was set to 5 min because it allows a good precision and reasonable model execution time (Rivest, 1995) .
Endogenous Sources of Protein
Proteins and amino acids found within the intestinal tract come either from feed or endogenous origin. Endogenous protein may come from the secretion of enzymes by the salivary glands, stomach, or pancreas, from the secretion of amino acids conjugated with the biliary salts, from the secreted mucus, and from the desquamated cells of the gastrointestinal wall (Buraczewski, 1986) . Some proteins from blood can also be found in the intestinal lumen (Andersen and Hegnhoj, 1990) . Hair often ingested by domestic animals may also be considered as a source of endogenous protein (Moughan and Schuttert, 1991) . The secreted proteins are digested to some degree in the small intestine. However, a portion of these proteins reach the end of the small intestine, creating a discrepancy between true and apparent digestibilities. The amount of ileal endogenous proteins is affected by many factors, such as dry matter intake (Nyachoti et al., 1997) . However, it is suggested (Nyachoti et al., 1997) that the response to dry matter intake on ileal recovery of amino acids depends on its level, the pig's body weight, and the amount of protein in the diet. However, these effects were not included in the model, because they are difficult to quantify. Thus, endogenous secretion had been expressed in the model in grams per day. Nevertheless, it is possible to adjust the values of the secretions to consider these effects. Also, nonprotein nitrogen and individual amino acids were not represented in the model.
Stomach. Total secretion of nitrogen in the saliva
and in the stomach has been estimated by isotopic markers at 3.3 gؒd −1 in 35-kg pigs (Souffrant, 1991) .
The α-aminated nitrogen fraction of these secretions is not known. However, Low (1982) estimated at 2.2 to 3.1 gؒd −1 the amount of pepsin appearing in the duodenum of young pigs that may correspond to 2.7 to 3.8 gؒd −1 of pepsinogens secreted by the stomach.
Thus, a daily average of 3.3 g of protein (Low, 1982) is assumed to be secreted at a constant rate, although some data suggest that feed intake may change this pattern of secretion .
Pancreas. The pancreas secretes enzymes continuously, but its secretion is also modulated by the meal (Corring et al., 1972 ). In the model, a simplified mechanism of control of pancreatic secretion is used. Pancreas protein secretion rate (PPSr; gؒmin
) is assumed to be affected positively (POS; gؒmin −2 ) by the gastric emptying (SEr) and negatively (NEG; gؒ min
) by the secretion of pancreatic protein itself. The proposed simplified mechanism is defined as follows:
where TPI represents the total protein ingestion (gؒ d ), and k POS and k NEG internal parameters of the model. The k NEG parameter has been set to .007 to settle the peak of the pancreatic secretion at 3 h after the meal. The daily amount of secreted pancreatic protein is controlled by the inclusion of the DPS and TPI terms and by fixing k POS to .007. The prediction of daily pancreatic secretion of protein is independent of protein intake (TPI) and feeding frequency. This is explained by the fact that the stomach emptying rate of protein (SEr) is determined in part by protein intake (TPI), and these two terms are counteracting in the POS equation. This agrees with the results of Corring et al. (1972) , who observed that the amount of protein secreted by the pancreas was the same for pigs eating their feed in either one or two meals per day. The secretion of pancreatic protein in the model was set to 8.8 gؒd −1 for a casein-based diet (Souffrant et al., 1986) and to 12.3 gؒd −1 for a soybean meal diet (Pö hland et al., 1993) . Figure 2 shows the simulated pancreatic protein secretion rate and the data from Corring et al. (1972) from pigs fed twice a day. Daily secre- tion was set to the same values for better comparison. These experimental data show a third secretion peak during the night that is not represented in the model. Also, the simulated response was smoother with lower peaks and higher valleys. However, this general trend was deemed sufficient to reach the objective of the model given the small amount of protein involved.
Liver. Biliary endogenous protein is secreted in the model in the first segment of the small intestine together with pancreatic protein. Meal size, frequency, and diet composition effects on bile secretions are scarce in the literature. The effects of dietary fiber and fat in diets have been reported by Juste et al. (1983) and Valette et al. (1989) , but, to our knowledge, no data are available on the effect of protein intake. Therefore, we assumed in the model that, for a 50-kg pig fed with a casein-based diet, the secretion rate of biliary protein is constant at 7.4 gؒd −1 (Souffrant et al., 1986) . For other diets, this parameter is set to 6.8 gؒd −1 (Corring et al., 1990) , assuming that the α-amino nitrogen fraction of the bile's nitrogen is approximately 70% (Juste, 1982) .
Intestinal Wall. The contribution of the intestine to the overall endogenous nitrogen secretion is very important because it may represent 55% of the total N secretion (Krawielitzki et al., 1990 ). In the model, protein secretion in the first half of the small intestine is assumed constant but twice the secretion at the distal part, as observed by Buraczewska (1979) . For the segments between the middle and the distal part of the small intestine, we assumed that secretion rate diminishes linearly. Based on data reported by Buraczewska (1979) concerning the α-amino nitrogen fractions of the small intestine secretions, we assumed that 67% of the secreted protein is already hydrolyzed and, thus, available for absorption. Darcy-Vrillon et al. (1991) measured the appearance of amino acids in the portal vein and the passage of amino acids at the ileocecal valve in pigs eating a casein-based diet. In this experiment, the difference between the sum of these measures and ingested amino acids was 51 g and was assumed to represent the endogenous protein secretion. Assuming that 19 g was secreted by the pancreas, bile, and stomach, the remaining 32 g may be assumed to be secreted by the intestine. This value is probably underestimated because the small intestine wall uses some of the absorbed amino acids, lowering their transfer in the portal vein (Souffrant et al., 1986) . In young pigs, onethird of dietary intake of essential amino acids is used by the intestine during first-pass metabolism (Stoll et al., 1998) . To our knowledge, this information is not available for growing pigs. However, the value of 32 g is close to those determined using other techniques (Buraczewska, 1979; Low and Rainbird, 1984; Krawielitzki et al., 1990) . Many factors affect the amount of endogenous protein reaching the ileocecal valve (Souffrant, 1991), and they probably modify the intestinal secretion of endogenous protein. Even though this may not be true, for means of simplification we assumed that the intestinal secretion is not affected by the meal or feeding program.
Protein Digestion
The enzymatic hydrolysis of proteins results from the action of several enzymes, each of them with specific biochemical characteristics and secretion sites. A detailed description of these enzymes and their activities was presented by Longland (1991) . The amount of free amino acids leaving the stomach is small but protein hydrolysis is important because gastrectomy may reduce protein digestion by more than 17% .
Protein digestion continues in the small intestine, where the pancreas plays an important role. Without pancreatic secretions, protein digestion decreases dramatically (Corring and Bourdon, 1977; Ré rat et al., 1977) . The small intestine wall also secretes proteolytic enzymes, and its brush border cells contain peptidases inside their cytoplasm, finalizing the hydrolytic process.
Dietary protein hydrolysis is affected by the dietary protein source, but it can be assumed that the hydrolysis of the endogenous protein is relatively constant among different rations. Thus, dietary and endogenous proteins are independently represented in the model and given different hydrolysis patterns.
Dietary Protein Hydrolysis. Dietary protein hydroly-
sis is probably the most important factor involved in protein digestibility. It has been assumed that the amount of proteolytic enzymes secreted into the intestinal tract exceeds the requirements for complete hydrolysis of proteins passing through the digestive system of pigs (Zebrowska et al., 1983) . However, amino acid composition and sequence of proteins, their association with other dietary nutrients within the feed, and the presence of antinutritional factors have been shown to affect protein hydrolysis (Silano, 1976) . A large proportion of the nitrogen present at the proximal part of the small intestine is already soluble (Low, 1979) , suggesting that protein hydrolysis occurs largely at the beginning of the small intestine. In an early version of this protein digestion model (Rivest et al., 1994) , the hydrolysis of dietary protein was represented by a single mass action law. However, this representation was unable to simulate precisely the high hydrolysis rate of dietary protein at the beginning of the small intestine. The current model represents the high hydrolysis rate observed at the proximal part of the small intestine as well as the residual protein fraction measured at the end of the ileum. We assumed that the hydrolysis of dietary protein in the model decreases exponentially with the time spent by the dietary protein in the small intestine (t′; min). Thus, the hydrolysis of dietary protein in a given segment of the small intestine (DPHr(i); gؒmin −1 ) is estimated in the model as follows:
where UDP(i)(g) is the total amount of undegraded dietary protein present in segment i, α (min
) is the initial value of dietary protein hydrolysis, when protein leaves the stomach, and β (min
) is a parameter defining the decreasing rate of protein hydrolysis. Literature data are not available to directly estimate these parameters; therefore, they were indirectly estimated as stated later in this article.
Endogenous Protein Hydrolysis. Because of the lack of precise information, endogenous protein hydrolysis has been represented by a single mass action law. Thus, in a given segment i of the small intestine, the rate of hydrolysis of the endogenous protein (EPHr(i); gؒmin −1 ) is assumed proportional to the amount of the undegraded endogenous protein present in that segment (UEP(i); g):
The k ep (min −1 ) parameter is assumed the same for all the endogenous sources of proteins.
Absorption of Hydrolyzed Protein
The α-amino nitrogen, resulting from the hydrolysis of dietary and endogenous protein, is absorbed in the form of amino acids and small peptides ). For each intestinal segment i, the actual total hydrolyzed protein available for absorption (DP(i); g) is derived from endogenous and dietary proteins. For a given segment, the amount of hydrolyzed protein that can be absorbed (AP(i); g) during an integration step (dT; min) is estimated in relation to the segment absorption capacity (ABCr(i); gؒm 
The final amount of absorbed nitrogen for a given segment i (ABr(i); g) is assumed to be equal to AP(i) when DP(i) is greater than AP(i). Otherwise, ABr(i) is set equal to DP(i). In this latter case, all the hydrolyzed protein available for absorption is assumed to disappear from the intestinal lumen during the integration step. Buraczewska (1981a,b) compared the absorption rate of a mixture of free amino acids alone or a mixture of proteins, peptides, and free amino acids at different sites of the small intestine. Based on these results, intestinal absorption capacity of α-amino nitrogen (ABCr) was estimated to .0347 gؒm 
Estimation of Hydrolysis Parameters
No data were found in the literature to directly estimate the model hydrolysis parameters (α and β in the DPDr equation and k ep in the EPDr equation). Therefore, α, β, and k ep were numerically estimated with the nonlinear and multivariate algorithm of Box (Kuester and Mize, 1973) . In all cases, the model was run for a simulation period of 3 d in order to reach steady-state conditions. Low (1979) measured the passage of total nitrogen and the trichloracetic acid (TCA)-soluble nitrogen fraction at different sites of the small intestine in pigs. Free amino acids and small peptides were the main constituents of TCA-soluble nitrogen (Low, 1979) and are considered the main sources of nitrogen absorbed by the gastrointestinal wall in pigs . Therefore, we assumed that the ratio between TCA-soluble and total nitrogen in the jejunum represents the ratio between hydrolyzed and total protein at that site. This hypothesis must be considered with caution because it has been observed by Moughan et al. (1990) that TCA cannot precipitate some proteins (molecular weight > 10,000 Da) present in the ileal digesta of rats fed protein-free diets. However, the amino acid composition of the supernates led us to suspect that these proteins are essentially of endogenous origin, probably formed by mucoproteins. At the jejunum level, proteins are mostly of dietary origin. The ratio between TCA-soluble and total nitrogen at the jejunum for a casein-based diet averaged 52.1% (Low, 1979) . In another simulation, data from DarcyVrillon et al. (1991) and Souffrant et al. (1986) were used to estimate the loss of dietary and endogenous protein at the ileocecal junction. Using these data sets, the following values were obtained: α = .09761, β = .00901, and k ep = .00629. Low (1979) did not study the digestion of soybean meal diets; therefore, arbitrarily, data on groundnut digestion were used to characterize this diet. The ratio between TCA-soluble and total nitrogen at the jejunum for a groundnut-based diet averaged 37.1% (Low, 1979) . Data from Furuya and Kaji (1989) were used to estimate the loss of dietary and endogenous protein at the ileocecal junction. Using these data sets, the following values were obtained: α = .09472, β = .04652, and k ep = .00395.
The simulated passage rates of different protein fractions along the small intestine are shown in Figures 3 and 4. The passage of dietary protein is much more important than it is for the endogenous protein. Also, the hydrolysis of dietary protein occurs very rapidly, leading to an accumulation of hydrolyzed protein in the first part of the small intestine. However, at the terminal ileum, most (casein) or all (soybean meal) of the hydrolyzed protein has been absorbed. In the case of soybean meal protein, an important undegraded fraction remains at the end of the small intestine that originates from both the endogenous and the dietary proteins. 
Model Evaluation
The model's structure and its mathematical and logical consistencies were checked throughout its development. Mathematical stability of the model was evaluated at different integration steps (dT) and at different time intervals for the emptying of intestinal segments (DTEI). In all cases, model predictions were Only limited aspects of the model were evaluated because of the lack of experimental data. These experiments, requiring severe surgical manipulations, are not numerous and involved only a limited number of nontraditional feedstuffs for swine, such as casein. However, the model was evaluated in relation to its objective that aimed to develop a mechanistic mathematical model integrating the most important physiological processes involved in protein digestion and absorption and to identify the most important factors involved in the final estimation of protein digestion.
The Passage of Protein Through the Small Intestine.
The passage of different simulated protein fractions through the jejunum was compared to data reported by Low (1979) from pigs fed continuously with a caseinbased diet ( Figure 5 ). Because these data were pre- viously used to characterize the parameters for protein hydrolysis, this comparison is not a true validation of the model. Differences between simulated and actual data may result from differences in the stomach emptying rates and sources of variation not represented within the model.
The disappearance of amino acids along the small intestine during the digestion of a casein-based diet has been studied by comparing the model results to those of Buraczewska et al. (1975) (Figure 6 ). In the model, the amount of total protein passing through the first segment of the small intestine exceeds the ingested protein as a result of the contribution of endogenous protein to the digesta. Similar results can be found in the literature (Low, 1979) . Both simulated and experimental results show that protein disappearance occurs more intensively in the first part of the small intestine. This is the result of the greater saturation of the absorption capacity of the duodenum in relation to the more distal part of the small intestine. The simulated passage of protein through the small intestine is lower than what has been observed by Buraczewska et al. (1975) (Figure 6 ). This difference could result from the fact that the model was not calibrated to simulate that experiment.
Effect of Feeding Level on Apparent and True Ileal
Protein Digestibilities. It is generally assumed that the apparent ileal digestibility of dietary protein increases with the level of protein intake (Haydon et al., 1984; Furuya and Kaji, 1989; Mariscal-Landin et al., 1990) , although some data may not corroborate this effect (Buraczewska and Horaczynski, 1983; Van Leewen et al., 1987 , as cited by Donkoh and Moughan, 1994) . The experiment of Furuya and Kaji (1989) was simulated to study the effect of protein ingestion on ileal apparent and true digestibilities (Figure 7) . The increase in apparent ileal digestibility with the increase of protein intake is explained by the fact that the amount of endogenous protein at the end of the ileum does not increase proportionally with the increase of protein ingestion (Mariscal-Landin et al., 1990) . In other words, the amount of endogenous protein crossing the end of the ileum is affected to a smaller degree than dietary protein. The predicted digestibility (77%) for the lower protein intake of the experiment of Furuya and Kaji (1989) agrees with the predicted value (78%). The simulated digestibility for the higher protein intake agrees as well, because it was used to calibrate the model.
True ileal digestibility, though, should not be affected by protein intake (Donkoh and Moughan, 1994) . However, this assumption is only true if we assume that proteolytic enzymes secreted into the intestinal tract exceed the requirements, that the intestinal sojourn time does not limit protein hydrolysis, and, finally, that the absorption capacity of the intestinal wall does not limit the disappearance of hydrolyzed protein from the intestinal lumen. As indicated earlier, we assumed that enzymes are secreted in excess; therefore, their concentration should not limit protein hydrolysis. However, protein hydrolysis is relatively small at the end of the digestive tract (see Figures 3  and 4) , indicating that sojourn time probably does not limit protein hydrolysis. Therefore, true ileal digestibility is only affected when the absorptive capacity of all the intestinal wall is saturated for a given time. Model results indicate that true ileal protein digestibility is reduced when 50-kg pigs are fed once daily with high levels of protein. It also indicates that the true ileal protein digestibility is not affected by protein intake when pigs are fed twice or more times a day with even higher amounts of protein (Figure 7) . Nevertheless, these values are only approximations because Absorption Rate. The kinetics of absorption was evaluated comparing model results to those obtained by Yen et al. (1991) . They measured the appearance of lysine and threonine in blood in 48-kg pigs with chronic cannulas in several blood vessels and trained to eat 1.2 kg of feed once daily. Pigs were fed with a 16% CP corn-soybean meal diet or with a 12% CP corn-soybean meal diet supplemented with free lysine, threonine, and tryptophan to levels similar to those contained in the 16% CP diet. The kinetics of lysine and threonine appearance in portal blood was similar; therefore, we assumed that the rest of the amino acids appeared in the blood following the same pattern. Experimental and simulated results for the 16% CP diet are shown in Figure 8 . Simulated amino acid absorption is delayed by more than 1 h in relation to experimental results. Simulated protein hydrolysis rate has only limited effect on the appearance of amino acids in the blood stream, and absorption rate and gastric emptying rate indirectly determine at which time the peak of free amino acids will appear in portal blood.
In pigs fed a 12% CP diet, lysine and threonine peaks appeared 30 min after feeding, that is, 1 to 2 h earlier than in pigs fed the 16% CP diet. Based on these results, Yen et al. (1991) suggested that free lysine and threonine in the 12% CP diet are absorbed and transported into the portal vein more rapidly than proteinbound lysine from the 16% CP diet. In the model, this can be attributed to other phenomena such as the difference in concentration of absorbable lysine and the saturation of the absorptive capacity in the proximal intestine. It is also possible that the liquid fraction, which contains the synthetic amino acids, is released faster from the stomach than the solid fraction (Kidder and Manners, 1978) . Amino acid absorption is related to its concentration in free form. The inclusion of free lysine increases its concentration at the beginning of the intestinal tract, accelerating the appearance of the absorption peak. However, total protein ingestion was low in both treatments, but particularly in pigs fed the 12% CP diet, which only received 148 gؒd −1
. According to the model, the saturation of the intestinal wall is less important for this treatment, allowing the peak for amino acids to appear earlier after the meal. In both treatments, most of the ingested lysine and threonine was absorbed 6 h after the meal, indicating that absorption capacity did not limit the total absorption of these amino acids.
Sensitivity Analysis. Sensitivity analysis was performed to identify the most important aspects of digestion that affect protein digestion. Studied digestion aspects were gastric emptying rate, intestinal retention time, total endogenous protein secretion, endogenous protein hydrolysis, initial dietary protein hydrolysis, rate of decrease of the initial dietary protein hydrolysis, and rate of amino acid absorption. The effects of protein intake and number of meals were presented earlier in this article. Apparent and true ileal protein digestibilities were used as performance parameters. Sensitivity analysis was performed by under-or overestimating by 20% specific model parameters while all other model parameters and inputs were kept constant. Results from simulations between −20 and +20% parameter values are not presented given that they produced intermediate or slightly curvilinear responses. Sensitivity analysis was performed independently for soybean meal and casein as the sole sources of dietary protein. Input parameters were chosen to represent the condition described by Low (1979) . Parameter values were those described earlier in this article. In both cases, 60-kg BW pigs were fed twice daily, the second meal given 6 h after the first. Deviations of digestibilities from those obtained with the proposed parameter values are presented in Tables 2  and 3 .
Protein intake was set at a moderate rate of 280 gؒd −1 when pigs were fed the soybean meal diet. In this situation, true digestibility is only affected by the parameters modifying dietary protein hydrolysis. In fact, parameters α and β not only drive the rate of hydrolysis of dietary protein but also the amount of undegraded protein reaching the hindgut. However, dietary protein hydrolysis was almost completed when the digesta reached the end of the ileum, as indicated by the fact that intestinal retention time does not affect true digestibility (Table 2) . However, intestinal retention time does affect apparent ileal digestibility, indicating that the hydrolysis of endogenous protein is not completed when the digesta leave the small intestine. Because of the low intake of protein, gastric emptying and rate of amino acid absorption did not affect any of the digestibilities. Therefore, we concluded that true and apparent ileal digestibilities predicted by the Evacuation of protein from the stomach and absorption capacity of the intestinal wall were the parameters with the largest effects on both true and apparent ileal digestibilities. In fact, amino acid absorption capacity was saturated in the entire small intestine; thus, part of the hydrolyzed amino acids reached the hindgut. However, dietary protein hydrolysis only had a small effect on digestibility as a result of the high degradability of casein. The small effect of endogenous protein secretion rates on true digestibility is explained by the fact that endogenous hydrolyzed protein also contributes to the pool of hydrolyzed protein that cannot be completely absorbed because of the saturation of intestinal absorption. Again, important changes to the studied physiological aspects of digestion lead to relatively small changes in digestibilities. However, modifying parameter values did affect the time course of digestion. For example, accelerating gastric emptying rate increases the saturation of the proximal intestinal tract and delays the absorption of amino acids. In general, we can say that because of the great length of the small intestine, many of the modifications of physiological functions, such as gastric emptying rate, retention time, and absorption rate, will be compensated by moving the site of absorption.
Discussion
The deterministic model described herein allows one to study the kinetics of dietary and endogenous protein hydrolysis and absorption along the small intestine. Overall, simulation results suggest that the model adequately represents the process of protein digestion in terms of the disappearance of protein along the small intestine, the passage of protein through the jejunum, and the effect of protein intake on both true and apparent protein digestibilities. Despite some limitations, this model has the flexibility of simulating the digestion of different protein sources and their interactions with the digestive system. Although the model is relatively simple, it represents protein hydrolysis and absorption in a new and original way.
Simulation results presented in this paper support the structure of the model and its usefulness as a tool to understand and evaluate the consequences of changes in dietary protein or feeding strategies in the kinetics of protein digestion and the overall digestibilities. In practice, lack of agreement between the measured and simulated values could be due to the inadequate conceptualization of the model, to inaccuracy in the estimation of the parameters, and to imprecision in experimental measurements. In our case, model in-accuracies are probably related to the lack of adequate data to characterize the absorption capacity of the intestinal wall and to estimate other model parameters. Model results presented in this paper suffer from these limitations. For example, the simulated appearance of amino acids in portal blood seems to be delayed by comparison to the experimental results of Yen et al. (1991) . Nevertheless, the model identifies several physiological factors that may modify protein digestion.
The sensitivity analysis reveals that the intrinsic enzymatic degradability of dietary protein is the most important factor in the determination of soybean meal protein digestibilities. In other words, given that enzymes are assumed to be secreted in excess, protein hydrolysis may only be affected by transit time. However, hydrolysis occurs early in the small intestine, and, therefore, the undegraded protein crossing the end of the ileum will remain largely independent of transit time. Thus, transit time will not reduce protein digestibility in normal digestion conditions.
The contribution of endogenous secretions to apparent digestibility is moderate given that a 20% increase in secretion rates reduced apparent digestibility by less than 1.5%. These values were obtained at a constant feed intake and assuming that changes in endogenous secretions were not changing dietary protein hydrolysis and absorption. The effect of antinutritional factors cannot be directly simulated. However, the model can be calibrated to accommodate for the effect of such factors on secretion, hydrolysis, or other physiological effects. Also, as with many other factors in this model, more experimental information is needed to properly characterize endogenous protein secretion, degradation, and reabsorption.
In pigs fed casein, the appearance of hydrolyzed protein in the small intestine occurs rapidly, and absorption and gastric emptying become the limiting factors. Nevertheless, the model showed only a moderate sensitivity to these parameters. However, our simulations suggest that the capacity for amino acid absorption by the small intestine can be saturated when pigs are supplied with large amounts of proteins during short periods of time. In this case, free amino acids can reach the large intestine, decreasing true and apparent digestibilities. However, experimental evidence is needed to confirm this result.
The moderate change in the simulated protein digestibility when model parameters are changed suggests that important physiological phenomena may occur in the first part of the small intestine. Assuming that model assumptions and simplifications are adequate and do not change the general trends of protein hydrolysis and absorption, model results indicate that, in practice, protein digestibility can be manipulated to a limited extent by modifying absorption rate or transit time. The intrinsic degradability of dietary protein remains the most important factor to be manipulated to increase digestibility. However, protein hydrolysis and its underlying mechanisms are not well understood, and there is a need for more precise information about the kinetics of protein hydrolysis and other important factors in order to modify this model.
Absorption is modeled in a very simplified way. We have considered that absorption rate is limited by an intrinsic capacity of the small intestine, but we did not account for other factors such as amino acid composition and concentration and sugar concentration. The model does not differentiate between free amino acids and small peptides, but, in fact, the absorption of these two fractions differs (Ré rat and Corring, 1991) .
Many factors affecting gastric emptying (Low, 1990) were not represented in the model because of the lack of information. In particular, gastric emptying can be affected by the filling of the small intestine (Borgida and Laplace, 1977) and by the energetic density of the meal (Gregory et al., 1990) . The representation of these factors may improve future precision of the model.
The transit of digesta through the small intestine was represented by mimicking the migration of myoelectric complexes. This representation of the transit of digesta is quite realistic and represents an improvement over previous models (Turner et al., 1987; Usry, 1989; Bastianelli et al., 1994) . However, the retention of the digesta in the distal part of the ileum (DarcyVrillon et al., 1980) or the effect of lipids entering the small intestine on the transit time (Gregory et al., 1986) has not been represented. Nevertheless, the impact of these factors on protein digestion is probably small based on the results of the sensitivity analysis. This representation allows one to evaluate the contribution of specific digestion processes and their sensibility in the final outcome of digestion. It also helps one to see that the small intestine acts as a buffer to minimize the impact of a modification of a physiological function on protein digestibility.
Implications
This dynamic and mechanistic model of protein digestion can be used to study the effect of specific digestive processes on protein digestion and to test some hypotheses concerning the different aspects of protein digestion. Lack of agreement between some experimental and simulated results indicates that some development or a better characterization of the parameters of the model remains to be done. Development of this model has also shown that quantitative data describing step-by-step protein digestion are still not sufficient to be able to model the complex process of protein digestion. Model results reveal that the intrinsic enzymatic degradability of dietary protein is the most important factor implicated in protein digestibilities.
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